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Regulation of the taurine transporter gene in the S3 segment of the
proximal tubule. Traditionally, bulk amino acid reabsorption in the kidney
has been thought to he localized to the early portions of the proximal
nephron. Adult Sprague-Dawley rats were fed diets with low, normal, and
high taurine content for two weeks. Kidneys were hybridized with an
35S-radiolabeled complementary RNA probe to the rBl6a subclone
encoding the extracellular and transmembrane domains of the rat brain
taurine transporter. Identical fragments were generated by RT-PCR from
rat brain and kidneys as confirmed by DNA sequencing. Hybridization was
localized to the Outer zone of the medulla of all the kidneys. In the normal
diet animals, taurine transporter mRNA was localized to the S3 segment
of the proximal tubule, to the loop of Henle in the medulla, and to the
glomerular epithelial cell layer. With taurine restriction, taurine trans-
porter mRNA expression was up-regulated predominantly in the S3
segment and was virtually absent in this segment in animals supplemented
with taurine. These experiments have precisely localized the rat kidney
taurine transporter gene, demonstrating regulation that is limited to the
S3 segment of the proximal tubule.
The amino acid taurine, an important osrnolyte in brain and
possibly in kidney, is of particular interest in that its body pool size
is governed by renal transport activity [1] and its renal transport is
regulated both by diet [21 and hyperosmolarity [3]. During periods
of adequate or increased dietary intake of taurine or other
sulfur-containing amino acids (methionine, cystine), relatively
large amounts of taurine are excreted in the urine [4] whereas
when taurine availability is reduced, taurine excretion is greatly
reduced [5]. This renal adaptive response to dietary taurine intake
has been localized in part to the proximal tubule brush border
membrane where the NaCI-dependent transporter activity is
shared with other a-amino acids and GABA [6]. Kinetic analysis
of taurine transport in both kidney brush border membrane
vesicles (BBMV) from diet manipulated rats and in the apical and
hasolateral membranes of LLC-PK1 and MDCK cells demon-
strates an adaptive regulation of the transporter apparent trans-
port maximum (V,,,) with taurine manipulation [6—14]. The
maximum velocity of the taurine transporter also appears to he
regulated by hypertonicity, independently of medium taurine
concentration [15].
Our knowledge of the molecular control of taurine transporter
expression has recently expanded with recent developments. The
eDNA of several taurine transporters has been cloned from
different tissues and species, including human thyroid, mouse
brain, rat brain (rBl6a), and canine kidney cells (pNCT) and have
been expressed in Xenopus laevis oocytes [16—22]. These taurine
transporters share a high percentage (> 90%) of amino acid
identity, and, as in the case of the pNCT taurine transporter, their
cellular mRNA expression appears to be regulated by taurine
substrate. The mRNA expression of the rat brain taurine trans-
porter rBl6a, which is expressed in various tissues including the
kidney [22], is also adaptively regulated by dietary taurine manip-
ulation [23].
Based upon our findings of adaptive taurine transporter gene
regulation by Northern blot analysis, using in situ hybridization
techniques, we sought to localize the cell- and segment-specific
expression of taurine transporter mRNA in rat kidney and to
describe its site-specific regulation by dietary taurine manipula-
tion.
METHODS
Animals
Male Sprague-Dawley rats (Harlan Sprague Dawley Inc., Indi-
anapolis, IN, USA) aged 56 to 60 days and weighing 250 to 300 g
each, were fed low sulfur amino acid diet (LTD), normal taurine
diet (NTD), or high taurine diet (HTD) for 28 days prior to
sacrifice. This time interval permits full expression of the pro-
longed adaptive response [13]. HTD is supplemented with 3%
taurine and 0.5% methionine (wt/wt), NTD is supplemented with
0.5% methionine, and LTD is not supplemented with either
amino acid. The composition of each diet has been previously
described in complete detail [8], as has its effects on plasma and
tissue taurine values [2, 6, 8].
Tissue preparation
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Four rats on each diet were decapitated and cxsanguinated; the
kidneys were removed, decapsulated, bisected longitudinally and
placed immediately into ice-cold 2.0 mvt Tris-HEPES buffer, pH
7.35. Several kidney halves from each group were used for
preparation of mRNA. The remaining kidney halves were fixed by
immersion in 4% paraformaldehyde and 0.2% glutaraldehyde in
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70 m phosphate buffer, pH 7.0, for 24 hours. The kidneys were
washed in cold sterile PBS by changing the solution twice a day for
three days, then placed in 70% ethanol and processed for
embedding in paraffin by standard methods.
In situ hybridization histochemistry
In situ hybridization was performed as previously described
[24]. Tissue sections were deparaffinized, rehydrated in descend-
ing ethanol series (100%, 90%, 70%), and incubated in the
following solutions: 0.2% Triton-X 100 in PBS, proteinase-K (1
mg/mi), and acetic anhydride (0.25%) in triethanolamine buffer
(Sigma Chemical Co., St. Louis, MO, USA). The sections were
dehydrated in ascending ethanol series and prehybridized with I X
hybridization buffer (0.3 M NaCI, 20 mM Tris-HC1, pH 8.0, 1 mM
EDTA, lx Denhardt's solution, 500 jxg/ml yeast tRNA, 100
xg/ml denatured salmon sperm DNA, 0.1% SDS, 100 mrvi dithio-
thrietol and 50% formamide) at 42°C. Tissue sections were then
hybridized with a 35S-labeled antisense RNA probe generated
from linearized cDNA, radiolabeled to a specific activity of i0
cpm/,tLg and used at a concentration of I x 106 cpm/100 .d in
hybridization buffer (as above) overnight at 55°C, and washed as
follows: 2 x 3 M NaC1/0.3 M Na citrate solution (SSC) at room
temperature for 15 minutes twice, 2 X SSC at 55°C for 30 minutes
four times, and 0.1 x SSC at 55°C for 15 minutes twice. Tissue
sections were then dehydrated in ascending ethanol series and two
sets exposed to X-ray film (Biomax; Kodak Laboratories, Roch-
ester, NY, USA), one for 18 to 20 hours and the other for 68 hours
at —70°C. One set of slides were coated with photoemulsion
(NTB-3 nuclear track emulsion, Kodak Laboratories) and ex-
posed at 4°C for one to six weeks. The duration for exposure to
photoemulsion was judged by the autoradiographic intensity of
the sections exposed to X-ray film overnight. The photoemulsion
was developed with a D-19 developer (Kodak Laboratories),
fixed, stained with Carazzi's hematoxylin and eosin, and mounted
with Permount°'°. The slides were viewed under both dark and
bright fields using an Aristoplan°° photomicroscope (Wild Leitz
Ltd, Germany). Two to three sets of duplicate slides were tested.
The cDNA used in this study was a 902 bp DNA fragment of the
rBl6a clone encoding the taurine transporter extracellular and
transmembrane domains. As previously described [23], the DNA
was cloned using polymerase chain reaction, with the upper
primer 5' -TCAGAGGGAGAAGTGGTCCAGCAAG-3', and
the lower primer 5'-AGCCAGACACAAAACTGGGTACCA-3',
resulting in a 902 bp product from nucleotides 120-1022 of the
published full length rat brain taurine transporter sequence [22].
The DNA was then subcloned into pGEM-T and linearized using
appropriate restriction enzymes of the multicloning site.
The specificity of ifl Situ hybridization was demonstrated by the
abolition of specific hybridization signal when adjacent tissue
sections were subjected to an identical in situ hybridization
procedure with a radiolaheled sense RNA probe.
. . . . . . 3Fig. 1. Autoradiograms of rat kidneys hybridized with 5S-labeled ribo-
probe to the rat taurine transporter gene. (A) High taurine diet (HTD).
RES1'L (B) Normal taurine diet (NTD). (C) Low taurine diet (LTD). (D) Sensecontrol. Expression is localized to the cortico-medullary junction in all
Examination of the in Situ hybridization autoradiograms that the oukter stripe of the outer zone of the medulla is
were developed for 96 hours demonstrated abundant signal in all
kidneys in all animals in the outer zone of the medulla, and more increase in hybridization signal in the kidneys from taurine-
diffuse expression in the inner zone of the medulla and in the restricted animals compared with the normal taurine diet and
cortex (Fig. 1). In addition the autoradiograms exhibited an taurine-supplemented animals.
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Fig. 2. In situ hybridization of rat taurine transporter gene in diet manipulated rats. (A, B) High taurine diet (HTD). (C, D) Normal taurine diet
(NTD). (F, F) Low taurine diet. Rat kidneys were hybridized with an 35S-labeled riboprohe to the rat taurine transporter gene. Dark-field
photomicrographs (A, C, E) and corresponding bright-field photomicrographs (B, D, F) demonstrate mRNA expression at the junction of the renal
cortex (cor) and medulla (mcd). In the HTD kidneys (A, B) expression is predominantly in the medulla. With progressive taurine restriction (E, F),
cortical mRNA expression becomes apparent in addition to the expression in the medulla. Magnification X56.
By bright and dark field microscopic examination of the kidneys
of the normal taurinc diet animals, taurine transporter mRNA
was localized to the tubular epithelia at the junction of the cortex
and medulla, with expression into the inner zone of the medulla
(Figs. 2 C, D). At higher magnification this expression was
localized predominantly to epithelial cells of the late segment (S3)
of the proximal tubule (Fig. 3B) associated with abundant expres-
sion in the epithelial cells of the loop of Henle (Fig. 4B). Specific
identification of epithelial cells of the S3 segment of the proximal
tubule was based upon their location at the corticomedullary
junction and outer stripe of the of the outer zone of the medulla
and upon their histomorphology. When stained with hematoxylin
and cosin they exhibited a large outside diameter in cross section,
a brush border, and fewer nuclei in cross section and abundant
cytoplasm, distinguishing them from epithelia of the loop of
Henle and the collecting duct. In the cortical region of the kidneys
i.
.11
Fig. 3. Taurine transporter mRNA expression in the S3 segment of the proximal tubule. (A) High taurine diet (HTD). (B) Normal taurine diet (NTD).
(C) Low taurine diet (LTD). Bright-field photomicrographs of taurine transporter in situ hybridization. In the HTD kidneys, expression is limited to the
ioop of Henle (loh), and is absent from both the collecting duct (cd) and later segment (S3) of the proximal tubule (pt). In the NTD kidneys expression
is localized to the late proximal tubule epithelium. Expression in the LTD kidneys is similarly localized but more abundant. Magnification X224.
Fig. 4. Renal medullary expression of taurine transporter mRNA. A) High taurine diet (HTD). B) Normal taurine diet (NTD). (C) Low taurine diet (LTD).
Bright-field photomicrographs of taurine transporter in situ hybridization. Expression is similar in localization and abundance in all three diet groups. The loop
of Henle (loh) expresses abundant transporter mRNA. No expression is apparent in the medullaiy collecting duct (cd) or the vasa recta (vr). Magnification X224.
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Fig. 5. Renal cortical expression of taurine transporter mRNA. (A) High taurine diet (HTD). (B) Normal taurine diet (NTD). (C) Low taurine diet
(LTD). Bright-field photomicrographs of taurine transporter in situ hybridization. Cortical expression of taurine transporter mRNA in all three diet
groups is limited to the glomerular (g) epithelial cell layer (e). There is low abundance expression in the early segments of the proximal tubule (pt) of
all three groups. Magnification x224.
Fig. 6. Control hybridization of normal taurine
diet rat kidney with 35S-labeled riboprobe. Both
dark-field (A) and bright-field (B)
photomicrographs demonstrate lack of
significant specific hybridization. Abbreviations
are: cor, cortex; med, medulla; pt, proximal
tubule. Magnifications A X56, B X224.
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the glomerular epithelial cell layer also expressed taurine trans-
porter mRNA, while the epithelia of the earlier segments of the
proximal tubule also expressed low mRNA abundance (Fig. 5B).
In the low taurine diet rat kidneys the epithelia of the later
segments of the proximal tubule (S3) expressed abundant taurine
transporter mRNA (Figs. 2 E, F, and 3C). Expression in the loop
of Henle and glomerular epithelia was similar to that of the
normal diet rat kidneys (Figs. 4C and 5C), while the epithelia of
the earlier segments of the proximal tubule also expressed low
mRNA abundance (Fig. 5C).
In the high taurine diet rat kidneys, taurine transporter mRNA
expression was most abundant in the epithelia of the ioop of
Henle and the glomerular epithelia. Only low grade expression
was demonstrated in the epithelia of the proximal tubule, includ-
ing the late segments (S3) (Figs. 2A, 2B, 3A, 4A and 5A).
Incubation of the kidney tissue with a sense control taurine
transporter RNA probe failed to demonstrate any significant
hybridization (Fig. 6).
DISCUSSION
These experiments document rBl6a mRNA expression in rat
kidney. The study utilizes an 35S-labeled complementary RNA
probe to a subclone of the rat brain taurine transporter to localize
the sites of expression in rat kidney. Using this radiolabeled
probe, in situ hybridization studies demonstrated signal located
predominantly in the outer medulla of normal rat kidneys. Under
high power magnification, taurine transporter mRNA was located
in the S3 segment of the proximal tubule, in the ioop of Henle,
and in the glomerular epithelial cell layer. Lower abundance
expression was also evident in the more proximal segments of the
proximal tubule, which appeared increased in the low taurine diet
animals. Localization of mRNA predominantly in the S3 segment,
with little expression in earlier (Si and S2) segments indicates a
less universal expression of taurine transporter in the proximal
tubule, in contrast to most amino acid transporters which are
found in all three proximal tubule segments, particularly in Si and
S2. One could speculate that the relatively low rate of tubular
reabsorption of taurine is due to the relative near absence of this
transporter in the SI and S2 segments. Indeed, taurine reabsorp-
tion is usually 90 to 92% of filtered load in contrast to > 98% for
most amino acids [25—271. Localization of taurine transporter in
the ioop of Henle may represent the component of taurine
transporter activity and mRNA expression which increases in vitro
in response to a hyperosmolar medium (500 LM raffinose), as
demonstrated in MDCK cells [15, 28, 29]. The finding of taurine
transporter in the glomerular epithelial cell layer is of interest, hut
its significance is uncertain. It is noteworthy that our laboratory
has found taurine transporter mRNA expression in at least nine
organs other than the kidney, including brain, heart, liver, and
others (unpublished observations).
The in situ hybridization studies of the renal adaptive response
are of interest since they parallel results obtained by our labora-
tory showing mRNA accumulation in the renal cortex of rats fed
diets containing different amounts of taurine [23]. Intake of a
reduced sulfur amino acid diet results in an increase in taurine
transporter mRNA expression as demonstrated by Northern blot
analysis and, as demonstrated in this study, by in situ hybridiza-
tion. In turn, taurine transporter activity is increased and reab-
sorption of this a-amino acid is increased such that only 0.5% of
the filtered load is excreted [6]. As shown in this present study,
this increase in taurine transporter mRNA expression occurs
predominantly in the S3 segment of the proximal tubule and not
in other locations.
Findings under the conditions of a high taurine diet (3% wt/vol)
are also parallel. Markedly reduced expression of mRNA is
evident in the S3 segment, paralleled by a reduced Vniax of taurine
transport across BBMV and increased urinary excretion of tau-
rine. Hence the renal adaptive response to diet is a consistent
biologic phenomenon from mRNA expression to urinary excre-
tion pattern.
The importance of these studies is that they localize the
adaptive response to the S3 segment in rat proximal tubule and
confirm that expression of this phenomenon is associated with
increased or reduced mRNA expression. In conclusion these
experiments have precisely localized the rat kidney transporter
gene which is regulated by diet to the S3 segment of the proximal
tubule.
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